Background: District heating is widely used for thermal energy supply and offers a broad range of benefits like the possibility to integrate decentral heat supply technologies or to foster the utilisation of renewable energy sources. Thus, district heating has the potential to gradually contribute to a more sustainable thermal energy supply and to consequently facilitate the energy turn. However, due to specific requirements of this technology, strategic planning is required for the successful implementation of district heating networks. Previous research mainly focuses on either economic, environmental, or technological aspects of district heating. This study therefore aims to execute a comprehensive assessment of district heating systems in the following four sections: (1) integrated spatial and energy planning, (2) costs, (3) resources and (4) environment and climate. Methods: To this end, the recently developed Eco.District.Heat kit (EDHk) is used to evaluate and rate eight case studies consisting of 14 different urban typologies, while considering the aforementioned sections of interest. The paper applies the EDHk to assess different spatial structures and grid configurations as well as a broad mix of different thermal energy sources.
Background
One of the great challenges of the twenty-first century is global warming. Only a continuous reduction of greenhouse gas emissions on a global scale will allow to tackle this challenge, as was acknowledged by the recent ratification of the Paris agreement. In this particular agreement, the signatories aim to limit the global average temperature increase below 2°C compared to the pre-industrial level by reducing greenhouse gas emissions [1] . Therefore, the use of renewable energy sources (RES) as well as the promotion of energy efficiency measures has to be significantly enhanced. However, efforts have to be measured and quantified in order to understand if promised targets can be reached. For instance, the Climate Change Performance Index offers a global ranking concerning the efforts on climate protection of 56 countries and the European Union [2] . With regard to this index, various European countries are performing relatively poor concerning CO 2 emissions or climate policy.
In terms of energy consumption and provision, it is essential to distinguish between thermal energy and electrical energy. In the European Union, approximately half of the final energy is used for thermal energy, including heating and cooling [3] . Thus, measures and options have to be developed in order to guarantee a sustainable thermal energy provision. Depending on the share of RES in the energy supply mix, district heating systems (DHSs) can pose an option to reduce greenhouse gas emissions and to decarbonise the energy system. Yet, conventional non-renewable energy sources like natural gas or fuel oil are widely used, which simultaneously increases the potential for using RES in DHS. Generally, energy transition and a decarbonisation of the energy system strongly depend on the chosen energy source. On a European level, only 12% of the primary energy supply for heating and cooling are provided by RES. Overall, 45% of the demand can be allocated to the residential sector, 37% to industries and 18% to services. In total, district heating is used to supply around 9% of the European heating demand. The largest share of this demand is covered by gas (40%), coal (29%) and biomass (16%) [4] . In Austria, the share of renewables used for district heating networks (DHNs) is estimated to be around 46% [5] .
Lund et al. [6] emphasise the advantage of DHNs to support the utilisation of renewable energy sources like geothermal, biomass, waste incineration or excess heat. For comparably small-scale DHNs, supplementary energy sources like solar energy should be considered. By integrating decentralised energy sources, or including prosumers (thermal energy consumers also providing surplus energy into the system), the share of renewable energy source can be additionally increased and simultaneously costs reduced [7, 8] . Apart from benefits of decentral solutions, Persson and Werner [9] estimate a possible heat coverage of district heating in large cities (above one million inhabitants) to be around 80%. Yet, they concurrently argue that due to reduced total thermal energy demand and densities, smaller cities pose significantly lower potential supply rates. Thus, they estimate a potential share of 24% of district heating for cities with less than 150,000 inhabitants.
However, unlike electricity or natural gas, thermal energy cannot be distributed across large distances. Due to energy loss of transportation, DH can be strictly categorised as a local transportable energy source [10] [11] [12] . A low temperature level results in less heat loss compared to higher temperature levels. Furthermore, the overall efficiency of DHNs depends on heat demand densities: energy consumers located in close proximity in addition to high thermal energy demand and mix of function will increase the efficiency of the network [11] . In that sense, areas comprising multi-functional and dense structures are of special interest for district heating. Thus, mix of function affects the temporal patterns of heat demand, so that the difference of base load and peak load can be reduced and full-load hours can be increased. In Austria, mono-functional residential areas need around 2000 full-load hours, whereas multifunctional areas demand 4500 full-load hours and more [13] . Urban, town or village centres serve as examples for such areas suitable for DHS due to comparably high densities and continuous heat demand. Moreover, in multi-functional structures, cascading use of thermal energy is also possible [12] . It is evident that spatial developments play a significant role for the long-term suitability of DHS. By more thoroughly assessing and considering spatial structures, the quality of DHS planning can be raised. In this research, we emphasise integrated spatial and energy planning (ISEP), combining both the spatial dimension of energy demand and the spatial dimension of energy supply [12] . After identifying appropriate thermal energy consumers as well as other potential future heat sinks, the ideal location of DHNs can be determined.
Moreover, during the research project Eco.District.Heat, some interesting challenges were addressed and problems concerning DHNs were discussed. For instance, building refurbishment efforts like thermal insulation might affect the energy demand that possibly leads to uncertainties concerning the long-term suitability of DHNs. Mathiesen et al. [14] conjecture a continuous decrease of heat demand in buildings until 2050. This can be taken as a holistic assumption for countries requiring heat, not only for Denmark where the study was conducted. Additionally, Loibl et al. [15] refer to strict building regulations resulting in low heat demand for passive houses below 15 kWh/m 2 that might lead to a sort of a blockade of district heating expansion. Also, Persson and Werner [9] raise increasing concern about the competitiveness of DHNs especially in low-density areas. Therefore, smart and sustainable planning is necessary in order to guarantee the future applicability of DHNs. Another interesting aspect concerning DHNs is the resource input for network constructions. According to the European Commission [16] , barriers contradicting resource efficiency should be removed. Also, any kind of waste should be treated as a resource and recycling processes should be increased. To date, various tools for integrated spatial and energy planning have been developed and introduced to measure, for instance, infrastructure costs of settlements, (embodied) energy demand of whole settlements or energy performance certificates for settlements [17] . Depending on the complexity and objective of the tool, different fields of application arise and thereof a broad variety of results can be generated. Also, detailed energetic assessments of settlement structures have been carried out (e.g. [18, 19] ). Additionally, detailed economic evaluations of future economic compatibility of DHNs can be found (e.g. [9] ). Likewise, material stock analysis of buildings for whole cities or life-cycle assessments of buildings have been addressed [20, 21] . However, a comprehensive and cross-disciplinary kit or approach to assess the long-term applicability of district heating in urban areas was still missing. In addition, Werner [22] urged new methods to be applied and also to increase the awareness in order to underline the benefits of DHNs. Thus, a holistic methodology combining economical, material, energetic and spatial aspects in one kit was developed and documented in Erker et al. [23] , the so-called "Eco.District.Heat" kit (EDHk). The aim of this paper is to assess the suitability of DHNs with the EDHk in various case studies (CSs) across Austria in order to address the following questions: What are the main factors influencing the suitability of district heating in urban areas? How are future developments like climate change or building refurbishments influencing the long-term suitability of district heating? In terms of resource utilisation, is a dismantling of discontinued district heating networks reasonable? This paper starts by presenting the methods used for the CS analysis, beginning with a brief description of the EDHk, followed by the selection process and description of analysed CSs. In the "Results" section, a status-quo analysis as well as scenarios for the evaluated CSs is presented. Additionally, options in order to improve the suitability of settlements for district heating are highlighted. Finally, the "Discussion" section tries to answer the questions raised and also critically reviews the applied methodology as well as its suitability for ISEP.
Methods
The first part of the "Methods" section describes the Eco.District.Heat kit (EDHk). Key elements of the kit as well as basic calculation steps are presented. The second and third segments deal with the selection process and a detailed description of the chosen CSs. CSs were used to allow a first test of the EDHk and to generate results that are subsequently discussed in the light of ISEP.
The "Eco.District.Heat" kit During the nationally funded research project Eco.District.Heat (EDH), a cross-disciplinary and holistic kit was developed that is capable of assessing the suitability of district heating networks (DHNs) in urban areas. The EDHk was developed by the Institute of Spatial Planning, Environmental Planning, and Land Rearrangement (IRUB), the Austrian Energy Agency (AEA) and the Resource Management Agency (RMA) and is presented in detail by Erker et al. [23] . Within the same research project and prior to the kit development, a system analysis on DHSs was carried out by including aspects concerning spatial planning, environmental planning, energy technology, building technology and resource management. During the research project and based on the knowledge gained from the system analysis, the final EDHk was developed and is subsequently described, since it is used for the case study analysis. As presented in Erker et al. [23] , the kit carries out assessments in four sections: (1) ISEP, (2) costs, (3) resources and (4) environment and climate. In the ISEP section, three sub-analyses are carried out, including an assessment of the thermal energy consumption (summarised with the term "location analysis"), the thermal energy distribution ("grid analysis") and potential thermal energy sources ("heat source analysis") for subareas of a wider urban fabric. In the second section, cost-relevant parameters like the production costs for the energy sources or the connection density of the DHN are considered. The third section estimates amounts of materials used for the construction of buildings in the respective settlements and the DHNs. Finally, based on the previous data input, the kit assesses environmental impacts. Resulting from the status quo analysis, future scenarios concerning climate change or refurbishment rates can also be evaluated. The effects of climate change are estimated by incorporating a reduction of heating degree days until 2050. Concerning refurbishment rates, percentage values can be entered. Regarding potential scenarios, it is noteworthy that within the EDH research project a comprehensive overview of influencing factors on the energy consumption density until 2050 was given. Thus, population growth and housing developments are also included in the scenarios. Finally, the kit presents a qualitative rating for each subarea for the ISEP section (including the three sub-analyses of ISEP), the costs section and the environment/climate section. Basically, a settlement can be assembled by several subareas that differ from each other due to certain characteristics. For instance, one subarea of the same settlement can feature a higher building density or a different mix of functions than others. Consequently, the user can specify up to five different subareas. The final results in the EDHk are demonstrated by benchmarked ratings from "A" to "D". In Table 1 the interpretation of those ratings is illustrated.
It is important to note that the final rating can be at the upper margin (close to next higher rating) or at the lower margin (close to next lower rating class). Thus, a more detailed assessment of the input parameters and scenario calculations can reveal if a better rating is achievable or not. Consequently, it can be checked if the rating is stable enough after applying scenario calculations. The final rating in the kit is based on seven scenario queries and 49 queries in the different assessment sections that deliver input parameters to four decision trees interconnecting in total 35 decision matrices. In the following CS description and in the work of Erker et al. [23] , additional information and a more detailed method description regarding input parameters and the decision model can be found.
Case study selection
During the research project, a case study approach was applied to continuously improve the developed EDHk. Simultaneously, the CS application also contributed to generating valuable results that are presented in this paper and are subsequently discussed. In total, eight Austrian CSs were selected for further evaluations. Austria was chosen for the study at hand, due to the quality and availability of essential documents and reports needed for the application of the EDHk. The final application was made possible by the cooperation of energy planning agencies, energy providers and infrastructure providers. Whenever essential information was missing in the documents, involved experts in the research project from the cooperating institutions were consulted.
The selected CSs were chosen because of their diverse characteristics reflecting distinctive heat demands and different spatial features that are briefly described in the following. At the beginning of the selection process, spatial archetypes and their relevance in the energy turn were taken as a basis [12, 24, 25] . Since major potentials for DHS can be assumed in urban areas, the survey was focused on this spatial archetype. However, in order to countercheck the results, two suburban CSs were also included in the analyses. Within these two spatial archetypes, the aim was to ensure a broad variety of spatial characteristics in order to assess the usefulness of the results. Building density and population density as well as mixed use of spatial structures are also known to have a great impact on DHSs. Thus, the following five spatial characteristics were considered in the selection process of the CSs: (1) size of the case study area, (2) construction period of buildings, (3) building typology (for instance terraced houses, multi-storey buildings, etc.), (4) type of use (residential, commercial use and mixed use) and (5) building density (gross floor area/gross development area). Besides spatial aspects, energetic parameters were also embraced for the selection process. Accordingly, in the chosen CSs, either renewable heat sources or a mix of renewable and fossil sources were contemplated. Aside from economic considerations, the environmental impact also profoundly depends on the heat source, so this parameter was considered to be essential for the selection. Furthermore, the temperature level used for the DHNs was taken into consideration, not only from an energetic and spatial perspective, but also from an economic point of view. The final selection was carried out based on the expertise of planning agencies, energy providers and infrastructure providers from which the CSs originate. Finally, the process of data input and evaluation was carried out by the project team and together with external experts involved in the CSs.
Description of applied case studies
The size of the CSs ranges from 1 ha up to approximately 60 ha. Some of the analysed CSs comprised heterogeneous areas. For example, a study site consisted of both existing settlements and new development areas, so the whole study site was split up into subareas that shared certain common characteristics like similar building typology, construction period of buildings or building density. For instance, CS I and CS III (Table 2) were each split up into three subareas. In general, some of the selected CSs represent residential structures, others indicate a mixed use consisting of residential and commercial areas. Table 2 gives an overview of the main characteristics of the selected CSs. Due to data protection regulations, the exact location and names of the study areas cannot be published.
Results
The following section is split into three parts. The status-quo results of the CS assessment are followed by an evaluation of future developments and its effects on DHNs. Finally, options on how to optimise spatial structures for implementing DHNs are presented.
Assessment of case studies -status-quo
In this first section, the current situation (Status-quo) of the CS analysis is presented. Table 3 provides an overview of the final ratings for each CS and its corresponding fields of evaluation, as presented in the EDHk. The first row shows the analyses results of ISEP that is split into three sub-analyses: (1) location analysis, (2) analysis of the supply network and (3) analysis of the used heat sources planned to supply the district heating network. The ISEP assessment is followed by a cost assessment, a resources assessment and an evaluation of environmental and climate-related aspects. Starting with ISEP, key characteristics leading to the final rating results of the single CSs are presented. In this first part an overview of all A-rated CSs is given. Out of the eight analysed CSs, two (CS I and CS III) are rated A in the overall ISEP assessment. The final ISEP rating already includes the location analysis, the supply network analysis and the heat sources analysis of all subareas. Final key characteristics of the A-rated CSs are as follows:
-High heat (GWh/ha.a) and connection density (GWh/km.a) values -Multiple and spatially connected subareas -Subareas covering up to 34 ha -Mix of function in certain subareas -Individual subareas with low building densities (e.g. 0.7 gross floor area (GFA)/gross development area (GDA)) are compensated by neighbouring settlements with high densities -High degree of connected buildings to the DHN in both existing and new developments -Sufficient availability of energy sources to cover thermal energy demand of all subareas
Each A-and B-rated CS can be described as typical urban areas with similar characteristics that can be found across Austria and Central Europe. For the two B-rated CSs (CS IV and CS VI), the following common characteristics are identified: -Multi-storey buildings with high density values up to 1.8 (GFA/GDA) -Mix of function in certain subareas -Low-density (GFA/GDA) of CS VI compensated by comparably large development area -Degree of connected buildings in all subareas at 100% -Sufficient availability of energy sources to cover thermal energy demand of all subareas
Half of the analysed CSs are rated C and are therefore rather poor examples in terms of ISEP. CS II and CS V are both urban areas, whereas CS VII and CS VIII are suburban. Both urban CSs consist of only one subarea each. CS II is a small isolated historical city block comprising only 1 ha but high-density (GFA/GDA), whereas CS V features low-density (GFA/GDA) and a comparably larger gross development area. CS V indicates significant differences to the other C-rated CSs with only one subarea and a low-density (GFA/GDA). The low rating of this CS is mainly caused by poor spatial quality and inefficient network configurations. Due to the suburban character of the last two CSs (low densities of around 0.3 (GFA/GDA) and houses with bad thermal insulation), it is difficult to compare them with the other six. It can be summarised that amongst all CSs no D rating was detected in the ISEP section. Typical urban development areas comprising multiple subareas gained better ratings than isolated settlement structures in urban settings or CSs with low densities as well as suburban areas, respectively.
Interestingly, seven out of eight CSs reach the best rating in the costs section. In every CS a DHN is either already in operation or planned. There was no CS supplied by both district heating and gas. Such parallel infrastructure would increase the overall costs and lower the rating. In 11 out of 14 subareas, no district heating network has been available so far. Therefore, mainly new networks with state-of-the-art insulation and little heat loss are either planned or were recently built, reducing the overall distribution costs. Simultaneously distribution costs are kept down due to medium to low temperature levels of the heat carrier (< 80°C) and low height differences in the supply area (< 20 m). Some subareas are characterised by a high share of sealed surfaces. Compared to new developments at the outskirts of cities, the share of sealed surfaces is high in existing settlements. Nevertheless, the temperature level, height difference and the sealing of surfaces did not indicate any strong influence on the final ratings in our analyses.
In the EDHk methodology, the production costs for the energy source (including all costs up to the feed-in point of the DHN) pose a strong impact on the final rating. However, in the evaluated CSs, production costs are all estimated below five cents per kilowatt-hour. Due to the low production costs, the final rating is not negatively influenced. According to Erker et al. [23] , 2 GWh/km and year of occupancy rate is the threshold for the final A rating in the cost section of the EDHk. In CS VI, the occupancy rate ranges between 0.5 and 0.9. This is the main reason for pushing the final rating in this particular CS to B. Overall, favourable conditions concerning economic aspects for the establishment of DHNs in the presented CSs are given. In contrast to the assessment of ISEP, costs as well as environment and climate, no rating for material flows and resource deployment is carried out. In the resource section of the EDHk, quantities (tonnes) of used construction material are calculated. In order to compare different CSs and associated material flows, a comparison between construction material input for buildings and for district heating networks is carried out. Depending on the type of buildings, the utilisation and the construction period, different values for material inputs arise. The pivotal aspect for district heating networks is the pipe diameter from which different quantities of construction material can be calculated. Based on this, proportional values between materials used for buildings and network infrastructure are calculated. Contrary to expectations, a relatively high amount of up to one third of the total construction material can be allocated to district heating networks. Depending on the efficiency of the whole district heating network, some CSs show a significantly higher share of pipe lengths resulting in more material use for DHNs. This fits for CS II, CS III and CS VI for which used materials for DHNs make up more than 30% compared to used materials in buildings. CS IV and CS V exhibit shares between 20% and 30%, whereas CS I, CS VII and CS VIII a share lower than 10%. Finally, not a single CS is rated C or D in the environment and climate section. In fact, three CSs (I, VII and VIII) are rated A. The positive ratings are mainly a result of recently built district heating networks (after the year 2000) and a high share of renewable energy sources (more than 60%). The main parameter influencing the results of the five B-rated CSs is the share of RES. In the B-rated CSs, the share of renewables is estimated between 20% and 44%. Also, greater pipe diameters and associated higher energy demand for construction result in the comparative lower ratings of these CSs.
Scenario analysis -developments until 2050
In the EDHk, the effects of climate change can be estimated, by applying a reduction of heating degree days from now until 2050. After applying a 3% reduction, the ratings do not change. Starting at 5%, the rating of only one CS (CS I) drops to C in the ISEP section. The reason in this specific case is the overall reduction of heating demand below 10 GWh/a. Although the total thermal energy demand of the other CSs is reduced, they do not show any volatility to the reduction of heating degree days. Changes in ratings in the other sections except ISEP could not be detected.
In four CSs, the ratings of the ISEP and costs section shift after applying the scenario building refurbishment. In this scenario, the share of refurbished buildings until 2050 can be increased. For example, the ISEP rating of CS I changes to C after applying 10% refurbished buildings until 2050. Otherwise only minor changes in certain subareas occur, applying 50% and more building refurbishment. Due to this scenario, the connection density of two CSs is significantly reduced (applying > 40%) to below 0.9 GWh/km.a, diminishing the final cost ratings. A combination of the two scenarios (minus 10% reduction of heating degree days and 50% building refurbishment) only reveals an impact on CS III. In this CS, the location analysis rating of the second subarea changes from C to D. Otherwise, no significant changes due to the combination of these two scenarios are detected.
In addition to the effects of climate change and building refurbishment, the EDHk also embraces settlement developments until 2050. For instance, the predicted population or the future share of residential buildings can be entered. After applying the settlement development scenarios, depending on the degree of adjustments (increase or decrease), the previously estimated heat demand can change significantly. If the heat demand is estimated to increase, additional energy sources have to be identified. Additionally, detailed knowledge about the permitted future building density is required whenever an increase of buildings or densification is anticipated. It is also essential to note that the settlement development scenarios strongly affect the overall ratings.
Optimising and improving the suitability of settlements for district heating
The following chapter presents possibilities on how to increase the ratings of the analysed CSs. In other words, potentials on how to optimise the suitability of settlements for district heating, by incorporating scenario calculations, are presented. In the ISEP section, better results can be achieved by increasing the total development area without changing the building density. If additional building land is available, additional heat consumers can be located next to the already existing developments, leading to an increase of the overall heating demand. Likewise, densification can be carried out. Applying a higher density level will increase the total heating demand as well as the heat demand density. Of course, a combination of both options is also possible. However, increasing the density is a more sustainable option than adding further building land. Whenever values of the original input data are changed or the offered scenario calculations in the EDHk are applied, associated parameters like pipe lengths, heat sources, etc. have to be adapted manually to guarantee useful results.
A decisive parameter for efficient grid systems is the connection density. For an efficient network application, the connection density in gigawatt-hour per year and kilometre pipe length should be high. The connection density also depends on the planned degree of connected buildings to the network. For instance, in one subarea of CS I only half of all buildings are connected to the DHN. In already existing structures, this might be an appropriate value; however, in order to guarantee future applicability of DHNs, operators should aim for high degrees of connection.
Another essential issue is to provide enough energy to supply all heat consumers connected to the DHN. Only if enough energy is available, good ratings in the ISEP section can be achieved. If there is not enough energy available, the utilisation of additional RES should be favoured. Increasing the use of RES will also improve the rating in the environment and climate section. Generally, the investigated CSs revealed good cost ratings. Besides the production costs of the energy sources, the connection density is again a decisive parameter in this section. For instance, by increasing the connection density, the B rating in the cost section of CS VII can be raised to A.
Discussion
Based on the CS analyses, the discussion follows a discourse of main influencing factors and decisive parameters on DHNs. Upon that, future developments and impacts on the long-term applicability of district heating are discussed. Before reflecting the EDHk and its relevance for ISEP, possible resource utilisation of abandoned DHNs is reflected.
Influencing factors and decisive parameters on the suitability of DHNs
The CS analyses reveal heterogenous final ratings in the ISEP section. Decisive parameters posing strong influence on the final ratings across all sections mainly originate from the spatial patterns. As highlighted in the "Optimising and improving the suitability of settlements for district heating" section, efforts to identify additional heat consumers, to foster densification and to increase the degree of connected buildings are all closely related to spatial planning. Also, the connection density and the availability of energy sources strongly depend on spatial aspects. It can be summarised that most of the decisive parameters can be traced back to spatial aspects and therefore the ISEP section is also the most influential one in the EDHk. In the following, a discussion about decisive parameters concerning potential heat consumers, cost efficient DHNs and RES is presented.
The degree of connection is particularly essential for existing settlements. It refers to the share of potential heat consumers connected to the DHN. If the share is high, a better efficiency of the DHN can be reached. A low degree of connection is prone to have a negative impact on the whole DHN. For instance, Nilsson et al. [26] assume a minimum connection rate of 70% for settlements comprising detached houses. In other studies, the degree of connection is generally assumed to be 100% (see Persson and Werner [9] ). It is noticeable that in new urban developments, the degree of connected buildings is high, whereas in existing settlements, it is low. Out of the eight analysed CSs, five compiled only new development areas, whereas three CSs contained both, existing and newly planned settlements. Generally, new development areas of the CS analysis comprise a high degree of connection. Yet, the overall heat demand density of the analysed settlements is calculated to be comparably low to existing settlements under the assumption of a high degree of connection, respectively. This can be explained by rather low heat demands per square metre on account of new building standards.
In the analysed CSs, the most decisive parameter in the cost section is the connection density. This parameter is simply expressed in GWh/km.a or GJ/m.a grid length. The results presented match those of Reidhav and Werner [27] , where a minimum density of 2 GJ/ m.a is suggested for a DHN to be economically feasible. Conclusively, the CS analyses reveal consistent positive cost ratings across all evaluated subareas. Presumably, district heating operators aim to keep costs as low as possible. The presented results confirm this assumption, as in seven out of eight CSs, the highest rating was achieved.
Due to the national context of Austria, the evaluated CSs also induced comparatively good ratings in the environmental and climate section. The decisive driver behind the ratings is the high degree of renewable energy sources to feed the DHNs. On the contrary, only 5% of the total district heat supply worldwide originates from renewable energy sources [28] . Based on that, it is assumed that the final rating of environment and climate in the EDHk strongly depends on the national context and might reveal entirely different results in other countries.
Future developments and effects on the long-term applicability of DHNs
The presented results also include scenario calculations until 2050. In the climate change scenario, a gradual reduction of heating degree days is applied. Our analyses reveal only marginal effects on the final results. In the scientific community however, future developments of heating and cooling demand as well as the role of climate change are widely discussed [29] [30] [31] [32] [33] . Uncertainties and future developments concerning the long-term thermal energy demand are vital aspects in district heating planning. Due to climate change, some of the appointed research hypothesise that a reduction of heating demand could be compensated by an increase of cooling demand. However, not every grid provides the technical parameters for combined heating and cooling.
Nevertheless, slightly higher impacts on the long-term applicability of DHNs were detected after calculating the building refurbishment scenario. In this scenario, the share of refurbished buildings until 2050 are included. Yet, only few subareas were volatile to these scenario applications. Recently, Andrić et al. [34] evaluated the impacts of global warming and building refurbishments on techno-economic parameters of district heating systems. In their analysis, every decade, the whole building stock was selected for renovation. Significant impacts on DHNs were observed, after the first year of refurbishment. However, assuming a pursued refurbishment rate of only 2% in Austria [35] and comparably low rates in other European countries [36] , future heat demand will only gradually decrease. Buildings of low insulation standards will continue to account for the largest proportion.
It can be concluded that according to our calculations, not even a combination of the two scenarios until 2050 could profoundly influence the final results.
Another vital parameter for the long-term suitability of DHNs is the applied temperature level. The temperature levels in the CSs were rather low, starting at 35°C, never surpassing 80°C. As suggested by Lund et al. [6] , reducing the temperature level of district heating is a reasonable strategy in order to guarantee long-term suitability of the networks. Low supply temperature also increases the efficiency of the heat production, subsequently resulting in a decrease of environmental pressure [37] . An additional advantage of low temperature is the reduction of heat loss within the networks.
Resource utilisation of DHNs
A crucial part of the Eco.District.Heat research project was to question the usefulness of dismantling old DHNs. Initially, the issue was raised, if the amount of material used for DHNs was sufficient to even consider dismantling. Surprisingly significant amounts of materials are used for the construction of DHNs. The main component of the networks are rocks, gravel and sand, followed by cement-bound construction materials. The material composition is essential to evaluate the usefulness of dismantling. The following conclusions from the EDH research project can be drawn. It is assumed that a dismantling and reuse of materials is only carried out if a new network is planned or other supply networks are rebuilt. Since sealed surfaces (DHNs in urban areas mostly placed along streets) have to be demolished, old supply networks will most likely stay underground. An advantage is to reactivate old networks, presuming they are still intact and fully functional. Additionally, used energy for the dismantling process has to be considered that consequently depends on the network and associated trench size. Other than that, the necessity to use synergies in order to parallelly install multiple supply networks in one trench becomes obvious. It is allegedly easier for projects currently in the planning phase, where resources could be bundled and supply infrastructure simultaneously built. For existing structures, it is a more challenging task. Once a trench is open, additional supply infrastructure could be renewed, reducing the overall environmental impact due to excavation work. If this is the case, the used energy for construction works can be split up and assigned to other supply networks like electricity or water.
Strengths and limits of the Eco.District.Heat kit and its relevance for integrated spatial and energy planning
The comprehensive approach of the EDHk has substantial value for an initial assessment of settlements concerning the suitability for DHNs. On a strategic level, it supports decision-makers to answer the question whether or not a DHN should be considered in certain urban areas. In other words, feasible locations or settlement structures regarding their suitability for implementing DHNs can be identified. This means that the same network configurations can be used and tested for different locations, in order to identify the most suitable location. If there is no possibility to change the location, the EDHk allows decision-makers to improve the applicability of DHNs at the same location. Certainly, a combination of both approaches is also possible. Besides the little time requirement for applying the methodology, the incorporated scenario calculations are another highlight of the kit, allowing users a strategic and long-term assessment. After a first assessment, carried out with the EDHk, the decision has to be taken if a detailed analysis and detailed planning of a DHN shall be performed.
Thus, detailed assessments of DHNs cannot be carried out with the kit. A critical aspect of the methodology is the dependency on the defined class boundaries. In the EDHk, a maximum of four classes in each matrix is available, so it is possible that the rating is at the upper or lower margin of the rating-class. More specifically, as a consequence of minor changes of a parameter a rating can drop or rise. Due to the isolated character of certain CSs the assessment of larger study sites revealed different results. For instance, if a single city block is connected to the grid, neighbouring blocks could also be connected, increasing the feasibility of the grid system. In that sense the effects of economies of scale have to be underlined, which allow lower prices and cost-advantages for operators due to large DHNs. Additionally, the investigated CSs mainly consist of new settlements, which might be a reason why ratings did not indicate much volatility to future scenario applications. Unfortunately, it is not possible to carry out plausible ratings in the resource section of the EDHk. This can be reasoned by the calculated absolute values for the use of materials from which it is difficult to build classes from. In fact, a rating based on used materials would always turn out to be negative, since any additional construction would adversely affect a positive rating. Thus, the lack of rating in the resource section would be a vital issue for future research. Also, diverging values from 5% up to more than 30% resource use for DHNs compared to resource use for buildings has to be questioned in the model. Here, additional validation is necessary in order to raise the certainty that this substantial amount of used materials can be allocated to DHNs. Finally, it is noteworthy that the data quality concerning the investigated CSs varied. Due to confidentiality of certain data, some data sets featured higher accuracy than others. Last but foremost, due to the many different types of urban fabrics, it was not possible to include every type in the evaluations.
Concerning ISEP, Stoeglehner et al. [12, 38] developed essential fields of action, for which the EDHk can be utilised. With regard to these fields, the kit can support decision-makers to identify energy-efficient spatial structures, more precisely multi-functional and dense structures, and to generally reflect structures of whole settlements, also in terms of mix of function and development within settlement borders. Furthermore, the kit animates users to question the utilised energy resources, whether they are fossil or renewable. Thus, regional or potential decentral resources could be detected and employed. For instance, previously untapped heat sources like surplus thermal energy of waste water treatment plants [39] [40] [41] might be identified. In that sense, the EDHk can be used as a tool at the beginning of planning processes. Another advantage of the kit is its capability of identifying priority areas for district heating as well as grid expansion areas (see Stoeglehner et al. [12] ). With regard to the spatial scale, the kit can be utilised on a municipal or settlement level. After all, the application process as well as the rating results of the EDHk might raise awareness and initiate learning processes for decision-makers. Additionally, the methodology is capable of sensitising users with regard to gaining a comprehensive view on the rather complex subject of district heating planning. In addition to that, users also acquire knowledge about the consequences of potential district heating applications. Further value is seen in the strategic character of the EDHk. Since the kit should be used prior to detailed planning, the application might save future impending costs for detailed DH planning. Finally, the kit also supports the identification of spatial shortcomings, especially in the presented context of ISEP. For instance, users are able to identify settlements with low building density or evaluate future scenarios and its effects on spatial parameters.
Conclusions
This study was set out to analyse and determine ideal conditions for the implementation of DHNs, by using the recently developed EDHk of Erker et al. [23] . In total, eight CSs, comprising 14 subareas, were analysed and rated. Final results present ratings in three sections: (1) integrated spatial and energy planning, (2) costs and (3) environment and climate. Heterogenous results were obtained for ISEP, whereas cost and environmental as well as climate ratings indicate rather stable results for the evaluated subareas. In dense urban areas, comprising multiple subareas, the final ISEP ratings were better compared to small or isolated and suburban settlements. Positive ratings in the cost section mainly originate from low production costs of the chosen energy sources (costs up to the feed-in point of the DHN) as well as from high occupancy rates. In the environment and climate section, the fundamental influencing factor was the share of RES. After applying scenario calculations until 2050, it can be concluded that future developments concerning a reduction of heating degree days and an increase of refurbishment rates only reveal minor impacts on the suitability of urban areas for DH. In terms of resource utilisation of abandoned DHNs, it is apparent that although a lot of materials are used for DHNs, only under certain circumstances a dismantling of the networks is reasonable.
The main advantage of the used methodology is its strategic and interdisciplinary character, including spatial planning, environmental planning, energy technology, building technology and resource management. The kit allows users to gain a holistic perspective and to identify consequences and shortcomings of their planning proposals. Nevertheless, additional research is needed to further develop the presented methodology and to finally create a tool that can be used outside the scientific community, by urban planners, energy providers or infrastructure providers. Also, for the resource section of the kit additional development is needed in order to establish a proper rating methodology that could also be used in a final version of an "Eco.District.Heat tool".
After the comprehensive assessment of eight CSs, it can be concluded that DHSs can serve as a long-term thermal energy supply solution not only in cities but also in suburban areas. Although population growth and future housing developments were not directly integrated in the CS comparisons, growing cities and continuous influx into cities [42] will presumably increase the overall thermal energy demand in urban areas. Similarly, development of city and town centres and densification, both main pillars of ISEP, will further increase heat demand densities. Moreover, most urban fabrics consist of both existing and new buildings. The result is a composition of different heat demands of individual buildings within the same urban area. For instance, heat demand of recently built multi-storey buildings is comparably low, starting at 10 kWh/m 2 a whereas old unrenovated buildings ) require up to 270 kWh/m 2 a [43] . Due to low refurbishment rates, we additionally assume that there will be little significant influence on the long-term suitability of DHNs.
On the contrary, under the assumption of prospective low space heating demand, the importance of domestic hot water will presumably increase. For upcoming generations of district heating, Lund et al. [44] underline the possible scenario of reducing space heating demand to a level equivalent to that of domestic hot water demand. Since domestic hot water use is quite constant during the course of a year, a better balance across seasons can be reached. Moreover, energy efficient buildings like plus energy houses are capable of being energy self-sufficient and even produce surplus energy throughout the year. Although the importance of domestic hot water demand will likely increase, seasonal fluctuations (higher heat demand in winter) will remain. Thus, DH can be used to cover the base load and excess heat produced of plus energy buildings can be fed into the DHN. By integrating such decentral solutions and adding prosumers to feed the system, additional future potentials can develop and the use of renewable energy sources can be increased. 
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